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PREFACE

The work deecribed ia this report was conducted under the hierials
for Pressure Pulse Protection project (1L162723AB98CC026) under the
direction of the MNaterials Research aud Engineering Division, Individual
Protection Directorate, +S. Army Batick Research, Development, and
Bngineering Center, between Karch and June 1989.

Tradename Dicclaimer: »

. This report contains registered tradenames ®, Citation of tradenames
does not constitute ot!iciPl endorsesent or apprmi of the use of thesge
products.
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BESPONSE OF CLOTHING NATERIALS TO AIR SBOCK VAVES
1. INTRODUCTION

OBJECTIVE

The objective of the wark described in this report is to determins how

blast waves interact with soldiers' fibrous body armor. There is scme
evidence {described later in greater detail) that socldiere wearing fibrous body
armor are mcre vulnerable to injury from blast waves than pereannel who are
not wearing the armor. The materials in the fibrous body armor apparently

cause the blast wave to couple mare efficiently with the soldier's chest, thus

increasing the risk of injury. This "blast amplification effect®, 1f it truly '

exists, may be a consek;uenée of the layered construction and fiber properties
of the present body armor. It's important to know what the material
properties of fibrous armor materials are and how these materials attenuate

and transfora the blast wave before it reaches a soldier's bady.

DIRECT BLAST THREATS

Fibrous body armor is designed to proutect soldiers from the most
dgngerous battlefield threat —- fragments. By iar, most battlefield casualties
are due to high velocit‘y' projectiles from bqnhs._l:lnes. and guns, rather than

" from direct air blast effects. The current body armor, the Personnel Armar

System, Ground Troope PASGT), is constructed of 13 layers of Kevlar® 29 cloth-

sandwiched between an inner and outer nylon shell fabric. The PASGT wvest
provides a high level of ballistic protection without greatly hindering the
soldier's mobility and effectiveness. However, the PASGT vest was not designed

to protect against direct dlast effects.




Some battlefield threats to the soldier do involve direct blast. If the

'PASGT vest incresses the risk of blast injury, then the mesgnituda of the

incressed risk needs to be known. Three direct blast threats to ground

troops, aside from convertional bomb blasts, are discuesed below.

Fuel-Air Bxplosives (FAE) are a battlefield threat which may becnme mare
impartant in the future '- Z . Canisters of a fuel such as etkylene oxide are
explosively d:lépmed to form a low disc-shaped cloud over the battlefield.
After a short delay to allow sufficient fuel-air mixing, the cloud is detonated
to .produce a high intensity blast wave over a very wide area. Blast
overpressures within the cloud can be as high as 300 psi. Injuries can result

from overpréssures in the range of 10 to 20 psi. Damage and casualties from

.an PAE explosion are dve to direct air blast effects and can be produced quite

far away from the FAE clod.

Another blast threat to soldiers is from the muzzle shock wave produced
during large gun firings. Under some conditions, the 155 mm X1A2E3 Howitzer,
for example, can produce a peak overpressure of nearly 10 pei. at the
operator’s "position. There has been some concern that repested exposure of
personnel to high intensity gun muzzle blast waves could produce cumulative
damage injuries to gun operators. Operators wearing the le‘l‘ vest might be
even more vulnerable to cumulative ‘danage effects if their body armor

amplifies the blast wave.

Tank crews are usually well protected from fragments but may be exposed
to blast waves in certain situations. Crew members do not wear the PASGT vest

but use a similar body armor vest design having eight layers of a lighter



Kevlar® cloth. Tank crews are in a very confined wpace. Blast waves can
diffract into a crew eu-p.i-mt through opsn batches aad will be inteasified
through reflaction off walls and floors®:  Crew membern expossd to such
ufm-mtummmmnmhwlmbhhuymbwnn

asplification.

For the purposes of this report no dis inction will be made betwesn the
different threats. Bach involves the intaractiom of an alr shock wave with the
vest material and human body. In_purtnt blast wave charactaristics such as
peak overpressure and duration, defined later, will be used to look at vest
material response, without worrying about what caused the blast. ‘




3. BACKGROUND AFND REVIEV OF PREVIOUS VORK

The charactaristics of blast waves are reviewed firet. This will provide

a beckground for understanding data reported in previous work om the
intaraction of blast waves with fibrous materials asd the humas body. |

CHARACTERISTICS OF BLAST VAVIS

Blast waves are generated from tbe rapid expansion of gases following an
.explosion. A shock fromt tnniling faster than the speed of samd propegates
out 1a all directions from the explosion source. The time history of preesurs

some distance out {° s the explosion is shown in Figure 1.

OVERPRESSURE

E

50

PRESSURE

ATMOSFHERIC
PRESSURE

)

(o]
|
|
[
|
{
{
|
|
|
|
|
i
|

f ta < riMe
Figure 1. Blast wave pressure-time history.

Blast waves are commonly identified in terms of the pmak overpressure
j(p.o) ancl the positive pulce duration (ta). The overpressure can bs thought
of as the “strength® of the blast wave and reprecents the highest pressure
above atmospheric pressure attained by the blast wave. is the bdlast ﬁn
spreads out from the source, the peak overpressure decays to lower values and

the wave duration becomee longer until the shock wave degenerates into a sound

wave.




Both the peak Overpressure, peo, and the positive pulse duratiom, te, need

to be knmwa befare tha effects of blast waves on people ar structures can be
determined. Two blast waves with the same peak uverpressure, but having
different pulee duratioms, will have di.ffemnt cffects on the structures they
hﬁractwithcincethepm!sn‘twtlngmthestmtmfmthm

ancunt of time.

Figure ,1 appnes to ideal blast waves that have not interacted with any
structures. The 1deal pressure-time curve is aleo called the aide—cn
overpressure. It is equivalent to the pressure ‘hat would be measured fm )
prescure gauge with its flat sensing diaphragm aligned 'parallel to the

~direction of propagation of the blast wave. If a pressure gauge is aligned with

the diaphragm face-on to the blast wave, the overpressure is 'callcd' the

reflected overpressure.

It is important to distinguish between these two types of measurements of
blast wave overpressure since they will not agree. They do not agree because

blast waves are .ahock waves and do‘no‘l;. bekave like norsal cound waves.

Vhen a blast wave hits a rigid wall face-on the wave im reflected back

into the uppusite direction. Since the region bebind the shock front is

already at a bhigher pressure right at the wall, the reflected shock is now

propageting back into a medium that is no longer at atmospheric prmufe but
is at a pressure approximately the same as the peak overpressure of the
arigiasl shock wave. The peak overj)resem right 'at the wall ie thus at least
twice the original side-on peak overpressure of the original shockl wave. This

process is represented schematically {n Figwe 2.
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Figure 2. Reflection (p.o) of air shock wave from a rigid wall.
Pe *= Atncspheric pressure; pec ®= Side-on overpressure.

The measurssent of peak reflected overpressure, with the pressure gauge
face-on to the blast wave, is identical to the came of a shack wave reflecting
off a rigid wall. The pro'.ooun uuiig element of a face-oa gauge reflects the
shock and thus wmeasures ‘an overpressure at lasat twice the eide-om

gverpressure. An i{desl blast wave measurad with both s side-os asd face-on

gauge is showu in Figure 3.
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Pigure 3. Side-on and face-on (reflected) measuresenta of an ideal blast
wave.



It-uvcyhptrnittndistingum betwesn the side-ou overpressure peo
and reflected overpressure pr.. In some cases one may wast to treat the blast

wave as a hydrostatic pressure source and ses bow it compresess a structure.
In this cese one would probadbly use the side-om overpressurs pec and ignore
the dynamic effects. In other caces m pn.sun loading on the front face cf
a structure due %o blast wave reflection is more important asd ome would use
the reflected overpressure. In some of the work reviewed latar in this report
on the ianteraction of blast waves with people, one approach or the other is
taken, sometimes with 1little justificetion for doing so. Ia some cases side-on
Wmmummﬁmmt@mmmum
distinguishing b.twegn the two types ot mt

For low iotensity blast vavﬁ-' (leas than 100 pai overpressure), vh'lch
cover the range of intarest for thie report, the relatiocaship between the
paa.i n!chud overpressure p.e and the paak side-on overpressurs peo is
given by*: '

(Y+1)peo?
(1-Dpeo + 2Tpe

Pre * 2peo ¢ a»

where 1 is tbe specific beat ratio of the fluid medium. For atr, ye1.d.

Assusing an atmospheric pressure p. of 14.7 psi, the dynamic pressure

- relation (1) reduces to:

. 3 —8peo?
Pre (p81) = 2peo + oo + 103 @




For small overpressures the puak reflacted precsure can bs assumed to be

twica the peak static overprmssure. Aes the blast strength iacresses though,
the reflectad pressure is no longer appraximately twice the eide-om

overpressure, but increases at a faster rate. For example, the reflectad
overpressure of a bYlast wave frum the heaviest 155 ms martar, which can have
an overpressure as high as 10 pei, is not double that (20 psi), but is more

like 25 psi when calculated with squation 2.

Thopukildr—ononrpmmnd the peak reflectad overpressure do not
take into account tbe momentus of the air behind tha shock froat. The dynamic
Overpressure, pwe, 16 proportional to the square of the air velocity and its
density. It can provide a better measure of ‘m'bhﬂ: londa applied to

| structures where the diag force associated with air motion is important.
The dynamic pressure pee is related to the eide-on gverpreasure pea by *

5 y( p.o

P‘..(Z Tpe + peo )

-~

For small side-on overpnsaum the dynamic presaure u umignificnnt
‘co-pared to the peak overpressure due to the blast wave and its n{loctxon.

but the dynamic pressure can persist for a longer period of tise.

It is often desirable to mathematically deuc-ibs a blast wave so that {t
‘can be incorporated into a model. Later in this report ideal blast waves are
input into a computer mciel of the human chest to deterrina a person's

response to different “ideal® blast wavea,



For blast waves of less than about 30 pei side-on overpressure, the

mhmnlusd.mc-mmmnddynlicmm-a
function of time can be appraximated by *:

. (~-t/tec)

pa(t) = peol( 1 - t/tec ? (L))

(-2t/twe) I3

p.‘(t) 2 Pael( 1 =~ t/tee )2 e
where ps(t) = side-on overpressure at any time t, 1b/in2?

pu(t) = dynamic pressure at any time t, 1b/in?
t = any time after the initiation of the blast pressure

(For side-on overpressures less than about 30 pei, twe is approximately
equal to 1.5 tec.)

Equations (1), @), and (4) are used later on to simulate blast waves
impacting a computer model of the human chest. They aliow all side-on and
dynamic properties to be calculated from an asasumed peak side-on Overpressure . |

- and positive phase duratiom.

One mare blast wave characteristic needs to be defined. As descrided
above, an upper limit to blast losds is cbtained 1f a rigid wall reflects a
normal shock wave. The integral of the positive reflected blast overpressure

curve, p-(t), is the reflected specific impulee I. 7.

t"’td

1. = (pe(t) - po 1dt (6)



The reflected specific impulse I. takes into account the effect of blast

duration. It is equivalent to a force-time product, and is often needed when

analyzing blast loads on structures.

BLAST BIOLOGY

The study of blast effects on pecple is complicated by the interactions
of shock waves with the irregularly shaped human body. Blast wave diffraction
around the body results in a complex loading process. Figure 4 {llustrates

how a blast wave interacts with an irregularly shaped object. ®

Initially a porti.n of the blast wave is reflected from the front of the
cbject. The outer parts of the shock wave continue on and diffract around to
the rear, where they are greatly weakened. Rarefaction waves move across the
front face and reduce the peal pressure of the reflected shock whilé vartices
form at the rear of the object. The complicated gas flow 1ollowing the shock

front passage continves to load the object for same time.

Figure 4. Shock wave interaction with irregularly shaped object.

(from Reference 8)
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Scientists studying dlast bdiology are faced with a tremendously difﬂonlt
analytical problem. BEven if the external losding on the human body can be
estimated in some way, the mechanical response ot> the body's internal
structure to blast loading is even mare difficult to determine. Great progress
in analytical methods has been made, particularly with the recent application
o finite velelent modeling, but the most reliable data have been bu'ilt'up over

many years of careful axperimentation involving laboratary animals.

Blast overpressure damages ﬁe body most where large ilensity, diffzrences
are present. The 1lungs and thel intestines are the vital organs most
susceptible to blast averpressure®. . The chest wall is rapidly compressed
\during the passage of a blast wave. The sudden acceleration, deceleration, and
oecillations due to chest wall compression, combined with direct shock ‘wave
' w-iasim, reflection, and focusing in the body tissues, are the causes of

blast tissue injury.

Two groups, one in Sweden'©-'4, and the other at the Lovelace Foundation
in the U.S5.'*~'7, have done most of tac basic wark defining the response of

mammals to blast wives.

These groupe bhave established that the most important factors in direct
blast injury are the ambient pressure, peak overpressure, pressure rise rate,
pressure pulse shape, duration of the positive phase of the blast wave, and the

orientation of the body with respect to the bdlast.

1




The work of theese groups has resulted in human gverpressure tolerance
curves, which are veed to prepare cxpusum liaits for personnel’®. Figuve 5 is

an example of an typical exposure curve.
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Figure 5. Exposure limit curve for humans away from reflecting surfaces.

(From Xeference 16)

Thece curves are based on abundant da’a from 13 animal species of
various sizes. Similar tolerance curves have been prepared for situations in
which a person is standing next to a wall and is exposed to a reflected shock

wave.

The injury criteria are based on lung damage and do not rconsider
intestinal or ear damage. The threshold injury curves assume that 1 percent

of the people exposed would ba casualties.

12




NODELING OF CHEST RESPONSE TO BLAST VAVES

Extrapolating experimental animal test results to people allowed relative
hmnupostnlhitstobedevelapled. Bfforts to model the physics of blast
wave interaction with the chest and lungs are based on the actual mechanics of
the shock wave's interaction with the human body. Chest models are much mare
premicing tools than animal experinents it on;a wants to louk at the effect of
changing th:lngs like the shape of the pressure pulse or adding a fabric layer

to the chest wall.

Lumped-parameter models of the human body, consisting of springs,

dashpots, gas-filled chambers, and pistons, have been developed over many
years. ' There is evidence that the human chest-lung systei behaves like a
damped oscillator under pressure loading. In: fact, the natural frequency of
the human chest-lung system has been determined to be in the range of 40 to
60 cycles per second'®. This means that blast - waves with a . duration
comparable to the natural period of the human chest are able to couple more
efficiently with the chest and lungs, thus causing a higher internal lung

pressure, which correlates with an increasing chai:ce of injury.

'A' model developed at the Lovelace Foundation®°, "11: conjunction with

animal testing, correlates well with experimental results for simple blast

waves. This model has also been applied to analyzing the effect of ﬁonplex
blast waves on people*'. A simplified version of this model is described
later 1in this report, where it is used to determine the effect of a 'levl_nr@

vest on the blast response of a humar chest. However, the parameters upon

13
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which these mnodels are baced are still found largely through axtrapolating
from experimental results.

Finite clement models of the chest have also been developed®?. These
madels include the impartant structural elements of the chest and lungs,
together with appropriate tissue properties. These models pluce the 'rib.
lungsi. heart, and skeletal muscles in their correct configuration and load the
structure with a blast wave. The finite element models seem to perform well
as predictors of lung response to dblast overpressure. v‘l’héi.r advantage is that
they are based on fundamental engineering principles, require less culibratioﬁ
with expefinental resuits, and are more amenable to analyzing the effects of

variables, such as ballistic vests covering the chest.

14




BLAST PROTECTION
Pwplemhprutactedtmbhstdiectsﬂthymbahindﬂgidwﬂls
u‘withinenclm Rigidmtsmlosingthechesthnnlsobmamto

be a good way to protect people against blast waves 3".

Soft uterials do not have a sisilar pratective effect. At first glance,
it seems obvious that foam rubber would cushion a blast wave and reduce blast
injuries. On the contrary, workers in Sweden found that layers of eponge
rubber covering rabbits and anthropometric mannikins significantly increased

blast wave effects over the unprotected condition 24, Soft materials do not

offer much protection from blast and often seem to increase the damage.

The Valter Reed Army Institute of Research (VRAIR) clearly demonstrated
the blast-enbancing qualities of ballistic vests in wark conducted over the

past few years. In one study %, bhuman volunteers were exposed to low level

blast waves. The volunteers' internal lung pressure was measured during tests

in which the volunteers wore different types of protective clothing. The study

showed that the PASGT ballistic vest caused the greatest increase in internal

‘lung pressure. This iwplies that the ballistic proteciion vest would ;ncmee

the risk of lung damage at higher blast levels.

VRAIR extended this study to cover high& blast, averpressums" Sheep
were exposed to various blast levels. Half of them were fitted with actnal
PASGT vests (size large!). The level of lung damage was measured by the
percent 1ncrease vin lung weight of the sheep, which was wsuledbto be directly

related to blast damage. The sheep wearing ballistic protection vests showed




signific antly higher internal lung pressures, higher martality rates, and mare
lung damage, than sheep not wearing the vests.

Figure 6 is taken from this study and shows how the ballistic protection
vest (CBY in the figure) decreases the blast level needed to cause death. The
authare aof this study estimated that the use of the PASGT reduced the

overpressure necessary to obtain a given level of lm'fality by 25%.
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Figure 6. Plot of % lethality vs. overpressure exposure level
(From Reference 26, p. S151)

The authors shggest the mass of the vest is insiguificant but that the

larger surface area it presents to the blast wave may be important. Perhaps

‘most important is the transformation of a steeply rising blast wave to a more

slowly riéing waveform as the wave is transmitted through the vest. The vest
might convert the blast wave into a form which couples mare efficiently with
the natural period of the chest—luhg systen, cited previously to be 25-15 msec

(40-60 Hz).

16
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INTERACTION OF SHOCK VAVES VITH POROUS AND CONPRESSIBLE NATERIALS

Pibraubodymdmmtpfntectngdutbhstm;" '
.ottbodymarmintmuybhstlmgw. h%WydMy
armar unique to Kevlar® fabric or would it be true of " all compreesible
materials? ' | | |

There is a large boly of literature on the shock wave attemuatiom

.chamhu'isticsofpormsuterhls luchofithastodowiththcbhst

attenuvation properties of aqueous foams, but some measurements are applicable
to. the soft body arsor problen.

Shock tube test data are available for many types of foams, metal felts,

steel and copper wool, cloth (including Kevlar®, polypropylene, KNomex®),

batting {including Kevlar®), and insulation materials 37-2®, In general, these
studies were concerned with how well materials reflect and transmit shock
waves. The studies noted that compressible materials have a smoothing and

stretching effect on the leading edge of the shock wave. This means that

‘after a blast wave passes through a. compressible material it bas a mare

rounded shape, which can couple mare efficiently with the human chest.

Extensive shock tube testing on Kevlar® 29 fabric and cotton cloth was
carried out by the JAYCOR company for the U.S. Army Nedical R&D Command=e.
Fabric backed by a rigid plate was exposed to blsst generated in a shock tube.
Iace-on pressure gauge recorded the pressure-time curve under the fabric.
Since the gauge was face-om, it recorded tbz reflected overpressure under the

fabric. ‘l‘he JAYCOR study covered a range of Dblast overpressm levels and
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locked at the effect of the numbar of cloth lavers for both tha Kevliar® and
cotton fabrics. As the number of layers was iacreased the pssk pressure
seasured under tha fabric also increased. After 20 %0 30 layers, tha poak
pressure began to decline again. The JATCOR data also showed the smoothing
effect that transmission through soft materizls has oa blast waves. A sample

ucilloacopetrwooftbcpm!wntypialtnthuhnhﬂ@nv?f

Figure 7. Oecilloscope trace of 20 layers of Kevlar® fabric exposed to 3 pei

overpressure. Large trace is pressure under Kevlar® (peak of 30 peil); small
trace is incident and reflected shock wave; pso = 3 pei, pre = 6 pai.’

The JAYCOR data is used later in this report as as input load to the

computer model of the human chest.

The pressure amplification effect and the wave form umﬁhg effecf seen
in tlLe JAYCOR experimental results have been 1hvel;t13ated independently by
workers in the USS.R. Experimental work on the interaction of shock waves
with compressible materinls such as polyurethane foam was used to verify

numerical modeling experiments®°—32,
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The modeling predicts the peak pressure and wave-farm of the reflection

pressure very well. Vhat is intaresting about the Ruseian work is that the
foan caa be modeled as a pseudogas by a method developed ia the US.2>®., This
M is alsn applicable to the Kevlar® fabric layers. The omly properties
nﬁuimd are the volume fraction of fider, the appareat demsity of 'the fabdric,
and the specific heat of thlnolid polymer.

llplotdnupéuutmpolymvtinhuhmtll'ig\no. A
fpimdfmmdnndplﬁummcuddnohocktuh. Cur;v-l“nd'z.
are the experimeatal and theoreticsl pressure under tbe foam layer. This is
sui‘hr to the ¥ind of trace seen in the JAYCOR faoric uﬁarllontl. Curves 3
and 4 are tbe side-on Overpressure blast traces. The side-cn gauge in the
Russian. experisents vas fartber away from the end plate than in the JAYCOR

experiments, 80 there was a longer delay ian the reflected pressure trace.

MOy

Figure 8. Thearetical and experimental pressure profiles under a layer of
caompressible material backed by a wall. Te is a reduced time variadle
incorparating layer 'thickness and incident shnck wave velocity. pre is the
expected reflection overpressure in the absence of the material. p/pe is the
ratio of incident overpressure to ambient pressure. ps* is the pressure under
the compressible layer (from Reference 30).
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The calculatior echeme¢ and syster of mass, momentum, eaergy,

conservation, and gas dynamic equations are outlined ia sufficieat detail ia
theme referesses #0 that the numerical model could be adapted to the Kevlar®
wark.  This would make determining the effect of differeat material variables
oa blast ‘wave smoothing and stretching such easier. Thess sodels ptbh-bly
would not help much in determining the cause of the layerisg effect diecoversd
by JATCOR, since the models treat tbe compressible materisl es & homogeseous

aixture.
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study, not human chest model developsent. The computer model described below '

is used only as an evaluation method to look at the differences betwesn

matarials.

The npﬁ-uch relies co both modeling and experimeat. Bhock tudbe h-thg
of compressible materials is relatively straightforvard. The experimeatal data
. generated iﬁ tl;o testing effort provides the load function for imput iato the
busan clest model, The experimetal data iacludes that slready available ia
; the literiture as well as data that ﬂll be genaratad under thi.n projact.’ The
human chest model is used to evaluate the effect of differwnt chest coverings

on chest response to a given blast wave.

The busan chest model will be described first. Then the svailable
experimental data and plans for future hting will de mnnﬂa‘d'. Examples
‘of how the experimental data are used will be sbown. Poseible ways to
redefine the standard exposure limite for personnel bassd oo the matarial the

ballistic vest is made of will also be demonstrated.

21




HUNAN CHEST NODEL

The lumped perameter chest model described below was developed by the
Lovelace Foundation, as deacribed earlier #°. This besic model was simplified
oomewhat by Bolt, Beranak, and Newsan, Inc. (BEN) under a previous Natick
RDand B Center project *. The present computer model is very similar to the

one used by BBN i» that project. The model schematic is shown in Pigure 9.
CHEST WALL MASS, M ‘

Ay
11
14

L
L
%: L35

NS

Figure 9. Lumped-parameter model of chest and lungs.

The parameters and variadles associsted with this model are given by 24:

-

effective area of chest piston
A ! effective air flow area of throat
| effective mass of cheat piston
Vo : 1initial gas volume of lungs
¢ : spring constant for ribcage stiffsess
J : dashpot dasping coefficient for viscous resistance
5 : power of velocity to which damping force is proporticnal (assumed=1)
t i time ‘

P'(t): external air pressure

P(t) : internal lung pressure
V{t) : gas volume of lungs

I(t) : chest wall piston displacement



Nore detailed
variations such
but the single-
filled chamber
which sisulates
piston whick com

The elastic resti

by the spring

compression resist

The system

42X
— ¢+ ]
dt=

dt:

- | 9
a l -
I -

dxie

2

versions of this model have been developed which iaclude

tvo lungs, a diaphrags, and additional viscous danping a1,
ber model is sufficiemt Ifor this study. The lung is a gas-
octed to the outside atmosphere by an orifice of area A,
throat passage. A movable chest wall mase acts as a
the gas in the lung cavity when acted upon by a farce.

nce and viscous damping of the chest tissuves are provided
dashpot comnected to the chest wall mass. Additional

ce is provided by the gas in the lung cavity.

of equations for this model, in centimeter-gram-second units,

daX/dt

+K = A(P'~-P)

1

lax/at

% PP

|pr-pl -

1.334x107 Aw
|pr-P

1

v

iabatic gas exponent (assumed to be 1.4 for air).




The constanta in these equations were obtained '.hrouﬁh extensive animal
experimentation on mar different sizes of mammals. The extrapoiated wvalues

for humans are given a *4 :

6.07 1b/in

= 529 lbm

rﬂﬂ

= 0.025 in*

[
[}

02.6 1lb-sac/in

A = 98 {n2

-t
0
|

= 127 1in3.

These equations can be solved numerically to give the chest wall
|
|

displacement, internal lung pressure, and internal ‘ung volume over time in

i
!

The external load is determined from the' overpreasure-time
|

response to an external load nu the chest.

characteristics of the bdlast wave.
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nmouplmma.mp&mnmw'h*mng face-on to the
blast saurce. The loading on the chest piston is given by the incident side-
on overpressure plus tue reflected overprescure, acting over the positive
'upulae‘tue teo. The ideal pressure-time curve far such a blast wave is
given by equations 1, 2, and 4. The dynamic effects of the blast wind will be
ignored since this chest model is not very realistic in terms of body
geometry. Nore realistic models cen take the dyn;nic wind preessure into

account?©. 2', A listing of the computer program 18 included in the Appendix.

A sample run of the computer program is shown in Figure 10.
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. Figure 10. Internal lung pressure variation due to blast wave.

Psoc = 10 psi, teo = 4.8 msec.




Thecheatnodelwasvmbjectedtonmshockmdnbt.mt 10 pei side-
~ ©n overpressure and a positive pulse duratiom of 4.8 meec. The peak reflected
overpreseure is thus about 25 psi. The side-on overpressure blast wave 1is
shows on the plot, but the reflected overpressure function is used to load the
chest-lung model. Both the incident blast wave (side-on) and the positive

‘phase reflected overpressure are shown in Figure 10.

The lung pressure rises to a peak of about 12 psi above atmospheric
pressure some time after thepwsage‘of‘theblwtnve. It then decays and

eventually damps out.

If a blast wave of the same peak pressure, but with twice the duration is
input to the chest model, the lung pressure increases as shown in Figure 11.
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Figure 11. Internal lung pressure variation due to blast wave.

‘psc = 10 pel, teo = 9.6 msec.
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The blast wave lasted far a longer time in this case. Its duration was

sore camparable to the natural period of.the chest-lung system, so that the
chest and lung had more time to respond to the blast pressure. ' This tremd of
increasing risk of lung injury for long duration blast waves is well known and

is contained in the u;sex"inéntal data ia Figure 5, presented earlier.

The reflected blast overpressure represents the very highest load the
chest might see. Far the real human body the reflected pressure wodld-only be
felt on the partions of the bgdy directly facing the bdblast. Diffracted blast
and side-on loads would be felt on the sides and rear of the .chest. The
reflected ‘pressure is used here so0 that the experimental reflected pressure

fabric data obtained in shock tubes can be used directly in the model.

The internal lung pressures predicted by the model will be used only far

correlation purpoees, mostly faor comparing different materials. If the actual

lung pressures were needed one would have to use a loading function more .

appropriate to the original model suck as the side-on oierpreseure combined

with dynamic pressure loading 2' .
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EXPERINENTAL DATA

The meterial property shock tube data obtained vnder programs ‘run by the
Valter Reed Army Institute of Research (VRAIR) are the best data available for
ballistic vests 2® . The same test methods will be applied to a wider range
of materials in this study. Nost of the other shock tube studies of textile

materials deal with their attenuation properties far acoustic applications27:

28

The VRAIR work studied how shock waves were modified by transmission
through fabric layers. Layers of Kevlar® and cotton fabric were tested face-

on to a blast wave. The side-on overpressure of the incident blast wave and

the face-on overpressure under the {fabric were measured. There was a

significant enhancement of the reflected pressure under the fabric compared to
that when no fabric was present. The effect of the number of fabric layers

was tested at several different blast wave intensity levels. Both the cottom

and Kevlar® showed a trend of increasing pressure with number of layers up to .

a certain point. The Kevlar® and cloth layer data are shown in Figures 12 and

13.
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Preseure Under Cloth Swetch (pol)

S U N—
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Nuaber of layers

Figure' 12. Pressure variation under cloth ewatch ve. number of layers for -
different side-on pressure levels (po). (Referemnce 29, p.43)
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Pressure Under Kevliar watch (pei)
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Figure 13. Pressure variation under Eevlar® ewatch ve. number of layers for
different side-on pressure levels (po). (Reference 29, p. 42)
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An example of a typical pressure trace under a fabric esmple (20 layers
of Kevlar®) was shown previously in Figure 2-7. A similsr plot far a test of
a PASGT vest mounted against a flat plate is ahown ia Figure 14.

Figure 14. Pressure variation under a PASGT vest mounted gver a flat plate.
pso = 2.5 psi, maximum reflected pressure under jacket = 18 pei.

Vhen data like this are available, it is a straightforwzrd matter to
aeternine the effect of clothing on internal lung pressure using the computer
model. The reflected pressure measured under ihe fabric is used to: provide
the loading far the chest piston, rather than the incident blast wave. One can

thus determine the lung pressure increase due to the presence of the fabric.

This determination can be illustrated by using the data from Figure 14.
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positive pulse duration of about 3 milliseconds, is imput {nto the chest model.

The resultant internal lung pressure is shown in Figure 15.
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Figure 15. Chest model loaded with ideal blast wave from Figure 14.
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Naxt the same blast wave of Figure 14, transforsed by passing through a
PASGT vest, js used to load the computer model.
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Figure 16. Chest model loaded with measured pressure pulse under & PASGT
ballistic protection vest. .

The difference in the two plots is quite noticeable. The reflected
pressure under the fabric rises much mare slowly than the sharp-rising shock
front of an ideal blast wave. The chest-lung system bac mare time to respond
to the transformed blast wave and so it ehows a bhigher response when the

PASGT vest is present.
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cottoa cloth ﬁhric. For an ideal blast wave ndearly identical to that in
_Pigure 15, a cotton cloth fabri~ sample 30 layers thick resulted is & messured
reflected overpressure under the cample of about 14 psi. The response of the
chest model to this load is shown in Figure 17.
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Figure 17. Chest model loaded with pressure pulee measured under 30 layers
of cotton cloth. Blast wave side-on peak overpressurex 2.5 psi.
fazimum pressure under cotton cloth = 13.8 pei.

Compare Figure 17 with Figure 16. There i{sn‘t much difference between
the two. Several layers of cottos cloth enhance blast effects almost as much
as Levlar® cloth doss. It may be that the material of which a vest is made ia
‘insignificant when compared to other factors, such ss the number of layers and

the apparent density of the fabric stack.
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The kind of data used above is very useful, but it eazists oaly for
Keviar® and cottom cloth. Plans for acquiring more data om bBallistic

protaction veat materials will be discussed later.

USE OF EIPERINENTAL DATA IN CONPUTER IODBL’

One more example of the use Of experimental data ia the computer model

 will be given to belp illuatrate the model's usefulness.

is previously discuseed, VRAIR perfurmed a study in which human
volunteers were axposad to low level blast wavea®®, Their fateraal lung
pressure was recorded during the tasts. The tast cosdition im which

volunteers wore PASGT vests resultad ia the highest internal lung pressures.

VRAIR aleoc funded a study by JAYCOR ia which a PASGT vest was testad in
a shock tube®®. Ip that study the transformed pressure pulse after passage

through tbhe PASGT vesat was recorded.

By combining tbese two sources of data, one should be able to compare tbe
predictad lung pressure r-sponao‘frm the computer prugn:'tn the mmasurad

lung pressure respuonee from the VRAIR study.
From the volunteer study®®, the iacident overpreasure level was 2.7 pei
n:;d the positive phase duration was 4.8 mesc. This is the {sput blast wave

for an unprotectad buman. If the eide-on overpressure wave i used to load
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the computer chest model, the peak internal lung pressure is about 1 psi, which

10" p‘ +/- 01020.

Bowever, the PASGT shock tube data from JAYCOR is measured nguiut‘n
rigid plate. It is more appropriate, therefare, to load the human chest model
with the maflected pressure to facilitate comparison with the JAYCOR data.
yi@nm-mmcmt-odelw'mmuﬂmw
resulting from the incident dlast wave used in the VRAIR volunteer gtudy. |
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Figure 18. Cbeat model loaded with blast wave; pec=2.7 psi, tsn=4.8 meac.

Naximum lung overpremsure about 2 pei.

is close to the value messured for voluntears wearing only fatigues, which was



The peak intaraal lung pressure is about 2 psi. This represants the

uaprotectad busan chest response.

Tha cheat load for the case of the human chest covered by a PASGT west
can be detarmined from Figure 19. This figure is data genarated by JAYCOR, in
which an instrumented dummy wearing a PASGT vest was subjected to blast. The
m‘mhtimhtmmmmmhwhycdthnmtm
messured for different blast levels. The curve corresponding to the case
whare a labcoat and a t-shirt were also under the vest was choses as
corresponding most closely to the volunteer study cooditions, ia which fatigues

were worn under the vest.
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Pigure 19. Effect of Keviar® jacket on mannikia cheat wall pressure.



A transformed pressure pulse, with a peak pressure of 12 pei, and
estimated duration of 3 milliseconds, is ueed to load the chest model. Th
load represents the equivalent load felt by the people in the VRAIR volunteer

study when wearing the PASGT vest.
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Figure 20.. Chest wall model subjected to blagt wave tranaformed by
through Kevlar® vest. MNaximusm lung pressure is about 3 pei.

The % increase between the peak internal lung pressure of the unprotected
chest model and the chest model covered by a Kevlar® vest is about 50%. The
measured increase in the peak lung pressure far the paople in the volunteer

study wearing Kevliar® vests was adbout 20%.
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This lack af precise agreement shows that the mumerical model isn‘'t a
gondpredicimofthachnllungpmhhmnmbjachupmadtolm—
level blast waves. Several sources of poseible error in this example are

present, but the main purpose is to illustrate that tbe model does work well

' enough to illustrate the effect of different vest materials om chest response

to blast waves.
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SBOCK TUBE DATA

Nore shock tube data on candidate ballistic protection vest materials is
needed. VRAIR's capability for th;ls. type of testing will be used to determine
the response of several fibrous materials to hligh-lntensity short-duration
blaét waves. VRAIR bhas a blast wave generator®* v;hich can _merate
overpressures of 60 to 375 pei with blast durati;:ns of 05 to 1.0 msec. These
are quite short blast durations - battlefield blast threats would typically
bave much longer positive phase duratitms VRAIR also has a 12 inch dineter
shock tube, which can generate blast waves with intensities of 20 to 39 pei
and durations of 6 msec. This blast durntion is mare realistic in tme of

real-world situations.

The VRAIR bdlast wave generator or shock tube will be used to characterize

'8 cloth materials: Kevlar® 29 and 49, bhallistic nylon; caotton, Nomex®, and

Spectra®. The cotton cloth is included to help in comparing the data at the

shart blast duration times to the JAYCOR data gathered previcuely.

The testing will follow the approach used by JAYCOR?®., The reflected

pressure under a fabric layer backed by a rigid plate will be measured. These

measurenents - will also be nade for fabric stacks of various thicknessces.

Various fabric colbinations may also be tested (i.e. layers of different

fabrics tested together) .I
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Nore JAYCOR test data on fabrics may becume available during the couree
af this project. VRAIR is continuing to fund blast overpressure injury
research, and in particular is continuing to fund the modeling and testing

efforte of JAYCOR. The VRAIR contract with JAYCOR will include mare materials

testing.

Some shock tube testing can probably be done at Natick. The appropriate

pressure transducers, amplifiers, instrumentation, and pressurized air systems
needed for a shock tube already exist in the ballistics lab at Natick. The
shock tube itself can be easily made out of any kind of pipe. FAdditionnlly.
the U.S. Army Naterials Technology Laboratory (ATL) was involved 11} shock tube
testing several years ago. It may be possible to acquire .leftover shock tube
components from NTL, or it may be more convenient to do the testing at NTL.
The primary source of shock tube data would be VRAIR, supplemented with
JAYCOR material property datr and any generated at Natick or NTL. The
Natick/NTL data would extend the testing over longer duration blast waves than

is the case for the VRAIR or JAYCOR blast wave testing.
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FABRIC NATERIAL PROPERTY NEASURENENTS

!eﬁsuring fabric responce to blast waves generated in shock tubes seems
to give good results, but the testing 15 time-consuming, expensive, and
applicable only to that fabric. ' '

One way to get around the .etpensive eapirical testing approach is to
model the response of conpressible materials to air shock waves. The Russian
work on numerical modeling ‘bas already been mentioned as one promising
approach®®.  The modeling is only‘ useful, though, if pressure vs. time
information can be obtained. Since the shape of the pressure pulse is so
important, a modeling method that only' gives the peak amplified pressure under
the fabric would not be very useful. The "pseudogas" approach may work .anlyA
for materials of low density. The polyurethane used in the Russian wark, for
example, had a density of about 3 1b/ft®, while stacked Kevlar® 29 fabric has
a nominal bulk density of about 40 1b/ft®. The order-of-magnitude greater
density of Kevlar® fabric say render the peeudogas assulptims :lnvalid' far
ballistic vest materials.

Another way to get around shock tube testing 43 to find some nther‘ set
of material properties to help predict the blast transmission and attenuation
characteristics of porovs/compressible materials. Of course, just trying to

correlate properties witaout any physical rationale is pointless.
An air shock wave impinging on a compressible material can be thd:ght of
in some ways as a solid object. The material compresses under the influence

of the shock wave to a higher density. This compression is influenced by the
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material iteelf plus the air trapped inside. The compressive modulus of a

stack of fabric will thus be dependent to a large extent on the amount of air

trapped within the fabric. The compressive modulus of fabrics will alsc be
very rate-dependent. Neasurements of ctatic compressive modulus, where the
trapped air does not comtribute to the material's mechanical response, do: not

take loading rate effects into account.

Fabric stack compressive properties will be measured at very high lmding
ratas‘ at NTL. This should provide information onm fabric bulk modulus. and
compressibility at loading rates mare comparable to those seen during shock
wave campression. It may be possible to combine the mechanical property data
with the calculated material acoustic velocity and material shock wave
velocity®® to predict roughly the pressure pulse amplification of specific

fabrics.
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. present soft body armor may actually increase the risk of blast injury. -

5. CONCLUSIONS

Soft body armor does not protect soldiers from blast effects. | The

Protecting soldiers against fragments is the most impartant function of body
armor. Any changes to the present vest design to lessen blast amplification

effects must not compromise the fragment protection function of the vest.

Changes to the present ballistic protection vest fabric material are
unlikely. Bven if other nferials are found "wh:lch perform better at decreasing
the coupling between blast waves and the human body, it js doubtful tley could
compete with Kevlar® for ballistic protection applications. Testing on ‘other
materials will aid in the determination of which praperties of Kevlar® m

most important to the blast amplification effect.

If the response of layered fabrice to air blast can be understood, then

approaches to lessening the coupling effect can be taken. Far example,

layering different fabrice in the vest could be explared. Different fabrics -

inside the vest, or on tbhe outside or inside of the vest, might change the

coupling process between the Eevlar® layers in a beneficial way.

Ancther approach would be to incorporate rigid elements into soft body

armar. Rigid plates in the PASGT vest seem to reduce the blast amplification

effect2®*. This approach is taken in the Explosive Ordnance Disposﬁl BOD)

Suit. The EOD suit uses Kevlar® extensively, but also incorporates fiberglass
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plates which eliminate blast amplificatim in addition to providing mare

fragment protection.

. ' The most pressing need is to understand the attenuation and tranemission
of air shock waves through layers of fabric (Kevlar® in particular). Hven if

| chlmges to the present PASGT vest turn out to be impractical, the informatiom
'/,‘ gained will be very useful in tens of threat and casualty mente. At
} the present time, overpressure exposure limits are based an unprotected
‘ peraonnel Inowledge of the interaction of shock waves with vest materials
will allow the preeence of fabric layers over the hulan‘c_:hest to be taken into
account when preparing new safety criteria and blast overpressure exposure

limits.

! ) This document reports research undertaken at the
US Army Retick Resesrch, Developsent and Engineering
Center and has been assigned No. NATICK/TR-! 7/M3
in the series of reports spproved for pubhc-txon

ol nmiars
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APPENDIX

' BASIC Program of Chest-Lung Nodel

RER BLAST PROGRAN
DIX P(1200,1), 1(1200.1).P(1200.1),1(1200.1).1tf1200,15.?!(;200.1)
DIX Feo(1200,1),Pfalse (1200,1),Tfalse (1200,1),F1(1200,1)
1882300000000 0000080080000243088¢CONSTANTS FORE EQUATIORSssssssessee!
Twind = ,00
Np=600
Kdp=10 ‘
D=Twind/¥p : ‘ ;
Gaw1.2

Po=14.7

Ppo=1. 0133E+6

S=1.0

Const=1,334B+7

To=3.

Pso=2.5

Pro=2. #Pso+ (8. $P80#Ps0) / (Pe0+103.))

Pdo=20.

X=6.07

n=5.29

G=8.17

Ad=. 025 ' |
A=98.
Yo=127.
Kx=K#1.758+5 .
Ma=Ne453. 6
Cg=2. $5QR (Xx#)m) ¢G
Aah=Ahe6. 4516
An=496.4516
VYvo=V0#16. 3871
1980090800800 83¢0GRAPHICS CONNANDS#880 9400000400000 00¢
GINIT
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PRI¥T DO YOU VANT A PLOT? ENTER 1 FOR YES.®
INPUT Zzzz
IF Zzzz=1 THEN Drawwing
GOTO Screen '
Drawwing: PLOTTER 1S 705, "HPGL®
OUTPUT 705;°VS5®
Screen: X_gdu_max=1008NAX(1,RATIO)
Y_gdu_max=1004NAX(1, 1/RATIO)
PRINT *DO YOU VANT BLAST VAVES OR ARBITRARY PULSES?"
PRINT *I1NPUT 1 FOR ARBITRARY PULSES®
INPUT Plots |
LORG 6
CSIZE 3.3
DEG
LDIR 90
CSIZE 3.5
" MOVE 0,Y_gdu_max/2 S |
LABEL "OVERPRESSURE (pei)®
LORG 2 .
LDIR 0 MOVE X_gdu_max/2.2,.078Y_gdu_max
" LABEL "TIXE (msec)® | o
VIEVPORT . 13X_gdu_max,.994X_gdu_max,.158Y_gdu_max,.94Y_gdu_max
VIEDOV -5, 20,-5,20
FRANE ‘
LORG 8
AXES 1,1,-5,-5,5,5,3
CLIP OFF
CSIZE 3.0,.75
LINE TYPE 1
LORG 6
FOR 1=0 to 100 STEP 10
HOVE 1,-5.20
LABEL USING *#,X°;1
WEIT 1
LORG 8
FOR 1=0 to 50 STEP 5
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2

LY

NOVE -5.20,1
LABEL USING *#,DD"; I

NEXT I

XOVE 0,0

1858558005808 00040080000030 00830000088 !
FOR J=1 T0 1 '

CLIP OF |

18550385855 0208320080030000003500 080080080088
198053885080 823008803ARELER 8802080000000 08!
CSIZE 2.5,.75

PRINT *VEERE IS LABEL X LOCATION?®

INPUT Labi

PRINT *VEERE IS Y LOCATION?®

INPUT Lab2

PRINT "VEAT IS SPACE AFTER LINE SYNBOL?®
INPUT Spe2

PRINT *VEAT LINE LENGTH?®

INPUT Spel

PRINT *VEAT IS SPACING BETVEEN LABELS?*

INPUT Spc3

- LORG 2

!"..""””'.”””"""i.""”"””..’!
LINE TYPE 1

NOVE Labl, Lab2

DRAV Lab14Spcl, Lab2

NOVE Labl+Spcl+Spc2, Lab2

LABEL *PRESSURE UNDER FABRIC®
!"'."”""”".....”."..."""."""Y‘ ‘
NOVE Lab1, Lab2-Spe3-Spe3

LINE TYPE 8,10

DRAV Lab1+Spc1, Lab2-Spc3-Epc3

NOVE Lab1+5pcl+Spe2, Lab2-Spe3-Spe3

LINE TTPE 1

LABEL *LUNG PRESSURE®
,""”"'.."".’..'""’.""'.'."”."’.!
OVE 0,0
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] '“'"“’"i'!‘l”,”!l"”"l‘!""”‘l’"l”’“l
RENARK+4+TURY ON PULSE GENERATOR#S3335353333838!

IF Plots=1. THEN GOTO Arbitrary
1833303858888 BLAST VAVE PULSE258333333588888488¢!
193883388 4848884SIDE OF OVERPRESSURESS38838888888!
FOR I=1 10 ¥p '
Tt(1,1)=1D

T(I, 1)=Tt (1, 3)#1000.
F(I,J)=Pro#(1.=(T(1,3)/T0)) 8 (BXP(-T(1,3)/To))
Fso(1,J)=Pgo# (1.~ (T(1,J)/To) )8 (EXP(-T(I,J)/T0))
FE(1,1)=F(1,1)468047.6

IF I>1 THEN GOTO Initial

DRAV 0, Pso

Initial: PLOT T(I,J),Fso(l, 1)

EEXT 1

GOTO Real .
!‘”"I’"’l”’!l”"l"{lll’l!!'.”C'l"”"”””!
H ”""i"!lll'.'l’i"’i"llll””””""'l‘l”‘l’!
{REN THIS IS THE ARBITRARY PULSE SHAPE GEWERATOR!
Arbitrary: PRINT *VEAT IS PULSE ANPLITUDE (PSI> ?°
INPUT Ampl

Rpee=Ampl/2.

PRINT *VEAT IS PULSE BASE VIDTH (NSEC) (PERIOD) 7*
INPUT Tee ’
Rbee=360. /Tee

FOR 1=1 TO ¥p

Tt(1,3)=14D

T¢I, 1)=Tt (1,7)$1000.

T, =0.

‘r_falee(l..l):ﬂ‘(!,.l)

F(1,J])=RpeesSIN (RbeesT(1,)-90. ) +Rpees. 99

‘IF Switch=1. THEN F(I,J)=0.

IF 1<0 THEE GOTO Plotff

IF P(1,7)¢0. THEN F(I,J>=0.
IF F(1,7)=0. THE¥ Switch =1.

Plotff: FL(I,J)=F(1,])968947.6




LINE TYPE 1

PLOT Tfalee(1,J),F(1,J)

Lasti: NEIT ] ‘

1280580080000 000 0000000000000 000000000000003 0008
GO T0 Luxgtrace

(5005202055020 000000R000000080080038008000080008!
1928858444420 REFLECTED OVERPRESSURES$44485088 88304/
Real: FOR I=1 TO Np

NOVE 0,0

LINE TYPE 3,3

IF I>1 THEN GOTO First

DRAV 0, Pro

First: IF F(1,J)<0. THEN GOTO Last

PLOT T(1,D),F(1, D)

Last: J¥FEXT I

H ’*"'l'l”‘"ll”l‘l’"'lll’"l"”lll'i’i’ll”’l'!”l’ll!
1928908832538 33888LUNG RESPOISE KJDELuuvunuuun!
Lunﬁtruce: 12=0.

P2=Ppo

NOVE 0,0

LINE TYPE 8,10

Qq=1.334E+7

FOR I=1 TO Ep

VYv=Vvo-Aas12

Delp=Ff (I, J)+Ppo-P2

Dptra0.

IF Delp>0. OR Delp<0. THEN Dptrm=Delp/((SQR(ABS)Delp)))
Xd= (X2-X14D#D# (Aa#Del p~Gg#1d-Kke12) /Nn

P3=P24D# (GamsP281d9Aa+Qq#Ah4Dptre) /Ty
X(1,3)=13/2.54

P(I,J)=(P3-Ppo) /68947.6

IF Plots =1. THEF T/1,])=Tfalse(l,J)

PLOT T(1,0),P(1,0)

I1=x2

12-13

P2=P3



~

Iz - !

FEIT 1

t m‘m”m"'.’””'“m””’m””"m’m’
LINE TYPE 4,2 ' '
NOVE -10,0

DRAV 100, 0
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